We examined genetic diversity of howler monkeys (Alouatta palliata) from Costa Rica. Blood samples of howler monkeys were collected at various locations in Costa Rica, and electrophoresis of total plasma proteins yielded no variation. We also conducted starch gel electrophoresis of red cell isozymes and did not find variation for any of the 14 loci analyzed (i.e., ACP, ADA, CA2, EST, GPI, IDH, LDH-1, LDH-2, MDH, PGD, PGM-1, PGM-2, SOD, and TPI). These findings were compared with the levels of genetic variation for A. seniculus and A. belzebul from one Brazilian population. Four of the 14 isozymes (ADA, GPI, PGD, and SOD) showed more than one allele for these species. Both A. seniculus and A. belzebul from Brazil showed similar levels of genetic variation. The potential causes of the low genetic variation in A. palliata from Costa Rica are discussed.
CENTRAL AMERICAN HOWLERS (ALOUATTA PALLIATA AND A. PIGRA) EXHIBIT EXTREMELY LOW LEVELS OF GE-NETIC VARIATION for plasma proteins and red cell isozymes (Malmgren & Brush 1978 , Froelich & Thorington 1982 , James et al. 1997 . This observation contrasts markedly with the high levels of genetic variation shown by howler species from South America (A. seniculus, A. belzebul, and A. fusca; Lima et al. 1990 , Pope 1992 , Sampaio et al. 1996 . It has been proposed that the low genetic diversity of Central American howlers is due to the action of random genetic drift (Froelich & Thorington 1982 , Pope 1996 , James et al. 1997 . Random genetic drift leads to the loss of genetic diversity within populations (Falconer 1989; Futuyma 1989; Ellstrand & Elam 1993) . Under these circumstances, we would expect to find little or no variation within populations. This was the case for the populations described by Malmgren and Brush (1978) , Froelich and Thorington (1982) , and James et al. (1997) , and for those reviewed by Pope (1996) . At the same time, random genetic drift promotes genetic differentiation between popula-FIGURE 1. Location of study sites in Costa Rica, Central America. tions since different alleles become fixed in each population (Falconer 1989 , Futuyma 1989 , Ellstrand & Elam 1993 . Based on this, we would expect to find variation between populations. This issue has not been addressed in previous research studies. We conducted electrophoretic analyses for plasma proteins and red cell enzymes to characterize genetic variation in mantled howlers (A. palliata) from different sites within Costa Rica. We also did a comparative study between Costa Rican mantled howlers and Brazilian red howlers (A. seniculus) and red-handed howlers (A. belzebul). The possible causes for the low levels of genetic variation in Costa Rican mantled howlers (A. palliata) are discussed.
MATERIALS AND METHODS
STUDY SPECIES. Mantled howlers (A. palliata) are one of the most variable of the six howler species, ranging in adult body size from 4.5 to 9.8 kg for males and 3.1 to 7.6 kg for females (Ford & Davies 1992) . They are strict herbivores and eat mostly leaves and fruits from a variety of tree species, showing a very flexible diet (Glander 1978 (Glander , 1981 Chapman 1987 , 1990 , Crockett & Eisenberg 1987 . Mantled howlers are found from southern Mexico to northern Ecuador (Wolfheim 1983 ) and live in a wide variety of habitats, including deciduous, riparian, evergreen, and montane forests (Crockett & Eisenberg 1987) . They can occupy altered environments, including small patches of forest neighboring agricultural and urban areas. SAMPLE COLLECTION. Blood samples were collected from several mantled howler sites in Costa Rica during a period of four years, starting in 1993 (Fig.  1) . Table 1 lists the name of the site, the region within which it is located, and the number of samples collected at each site. Most samples came from the Guanacaste region, located on the northwestern side of the country. It has seasonal rains and vegetation typical of lowland deciduous and semi-deciduous dry forests (Holdridge 1967 , Janzen 1983 ). The sample sites were: Santa Rosa National Park, the largest protected area in the region; La Pacifica, a private cattle ranch, tourist resort, and forest reserve (this population has been studied by KEG since 1970); Jimenez Nuñez, an agricultural station with a small forest reserve at the time of the study; and Santa Cruz, a cattle ranch near the town of Santa Cruz.
The Atlantic Region, on the eastern side of the country, receives a greater amount of rainfall and the populations studied are from areas with vegetation typical of lowland rain forests (Holdridge 1967 , Janzen 1983 ). Blood samples were collected at three sites: La Suerte, a field station and former cattle ranch; 28 Millas, a banana plantation; and Pocosol, a cattle ranch.
The Central Region included only one site, Rio Jesus. This site is at a higher elevation, with vegetation typical of premontane humid forests (Holdridge 1967 , Janzen 1983 , and is highly disturbed. The troop sampled occupied a 5 ha fragment of forest neighboring coffee plantations and pasturelands.
All sampled populations were located at least 30 km from each other, with the exception of Jimenez Nuñez and La Pacifica, which were ca 15 km from each other. Also, the Atlantic and Pacific Regions are separated by a mountain range running along the center of the country in a north-south direction.
Samples were collected using standard dart gun techniques (Glander et al. 1991) . Animals were anesthetized with Telazol (tilethamine hydrochloride and zolazepam hydrochloride) and 5 ml of blood was drawn from their femoral vein using a vacutainer with ICD (isocitrate dextrose) or EDTA as an anticoagulant. Animals were allowed to recover and were then released at the site of capture. The samples were kept cold until processing in the laboratory. Once in the laboratory, the blood samples were centrifuged at low speed for ca 15 minutes to separate plasma, white cells, and red cells. The red cells were washed twice with isotonic 9 percent saline solution. Each fraction was stored separately atϪ20ЊC.
In order to conduct a comparative study between Central and South American howler monkey species, ten samples of red cells from each of two South American species, Brazilian red howlers (A. seniculus) and red-handed howlers (A. belzebul), were also included in the analyses. These samples came from the same geographical area in the state of Pará.
ANALYSIS OF TOTAL PLASMA PROTEINS. Plasma proteins of A. palliata were analyzed according to their molecular weight using acrylamide gel electrophoresis. A total of 137 samples was analyzed. We followed the procedure described for the Biorad Protean II system, using 7.5 percent acrylamide gels. The electrophoresis was performed at 200 volts for about five hours. Total plasma proteins were stained with Coomasie Blue. We used a mediumweight molecular marker from Promega to identify the size of the proteins analyzed.
ANALYSIS OF RED CELL ISOZYMES. Red cell isozymes were analyzed using standard starch gel electrophoresis following the methods described by Harris and Hopkinson (1978) , Richardson et al. (1986) , and Lima et al. (1990) . A total of 76 samples of A. palliata was analyzed; only 30 samples from La Pacifica were included in these analyses (Table 1) . We also analyzed 10 samples of A. belzebul and 10 samples of A. seniculus. We examined 14 loci, namely ACP, ADA, CA2, EST, GPI, IDH, LDH-1, LDH-2, MDH, PGD, PGM-1, PGM-2, SOD, and TPI. We used 9-11 percent starch gels. All electrophoreses were run overnight at constant voltage (60-75 volts). We followed the staining procedures recommended by Harris and Hopkinson (1978) . For multiple loci in the same isozyme system, the most anodal isozyme was arbitrarily numbered ''1,'' with the remaining loci numbered sequentially. The different alleles for each isozyme (locus) were identified in a similar fashion; the most anodal allele was arbitrarily identified as ''A,'' with the remaining alleles identified sequentially.
Genetic analyses were conducted using the program POPGENE 1.31 (Yeh et al. 1999) . Using the data from the red cell isozyme electrophoresis, we determined the levels of genetic diversity for each species using common indicators, such as observed number of alleles, effective number of alleles, Nei's diversity index, and the Shannon diversity index. Population differentiation was estimated using Nei's genetic distance between all possible pairs of populations and Wright's F-statistics, determined using the infinite allele model F st (Weir & Cockerham 1984) .
RESULTS
ANALYSIS OF TOTAL PLASMA PROTEINS. The analysis of total plasma proteins discriminated mostly proteins weighing more than 40 kDa. The resolution of our gels was not good enough to determine variation in smaller-size proteins. Our data revealed no genetic variation in total plasma proteins of A. palliata, as all the individuals examined showed the same banding pattern.
ANALYSIS OF RED CELL ISOZYMES. The analysis of red cell enzymes also showed that A. palliata was monomorphic for all loci; i.e., all individuals examined showed the same electrophoretic pattern. Unlike the Costa Rican mantled howler, both South American species, red-handed howlers (A. belzebul) and red howlers (A. seniculus), showed genetic variation for 4 of the 14 loci examined (ADA, GPI, PGD, and SOD). Table 2 shows the frequency of the most common red cell alleles for each species. For all enzymes studied, the alleles observed in mantled howlers (A. palliata) were also observed in the South American species (A. seniculus and A. belzebul); however, both South American species exhibited additional alleles not found in A. palliata. Table 3 shows the value of common indicators of genetic diversity, such as observed number of alleles, effective number of alleles, expected heterozygosity, Nei's diversity index, and the Shannon diversity index. All indicators of diversity show comparable values for A. seniculus and A. belzebul. As mentioned before, A. palliata showed no genetic variation for all of the red cell enzymes that were studied.
The estimated F st value for the three species was 0.2478 (Weir & Cockerham 1984) , indicating high levels of genetic differentiation among the three species. Genetic distance between both South American species was smaller than the distances between each of these species and A. palliata from Costa Rica. Table 4 shows Nei's unbiased estimates of genetic identity and genetic distance among these species.
DISCUSSION
The results presented here revealed no genetic variation in total plasma proteins and red cell isozymes among individuals or among sites for Costa Rican howler monkeys (A. palliata). All individuals examined showed the same banding patterns for total plasma proteins and all 14 loci of red cell isozymes analyzed.
Other studies have also found low levels of genetic variation for Central American howler monkeys. For example, Malmgren and Brush (1978) studied the levels of genetic variation among 132 individuals from the population of La Pacifica, Costa Rica, using two-dimensional electrophoresis. They found variation for 2 out of 15 loci, including MDH. Froelich and Thorington (1982) studied 80 individuals from the population on Barro Colorado Island, Panama. They reported variation for two serum proteins and one red cell enzyme, ADA. James et al. (1997) studied 41 black howlers (A. pigra) from Belize and found variation for 2 out of 36 loci, including GPI. Overall, our results agree with findings for other Central American populations of howlers, although we found lower levels of genetic variation than those previously reported; all A. palliata individuals examined by us were monomorphic for total plasma proteins. In addition, all red cell isozymes were monomorphic, including MDH, ADA, and GPI, which were found to be variable in the studies previously cited.
More recent studies using eight microsatellite loci and including samples from Panama, Costa Rica, and Mexico, found that A. palliata, on average, has little genetic variation, and there is a northern decline in genetic diversity (Ellsworth & Hoelzer 1998 , Ellsworth 2000 . The population from Panama, in the southern range of the species distribution, showed the greatest genetic variation and the population from Mexico, in the northern range, showed the least.
Previous genetic studies of South American howler species led us to expect high levels of genetic variation. Lima et al. (1990) and Sampaio et al. (1996) found that A. seniculus and A. belzebul from various populations within Brazil showed variation for the same loci found to be variable by us. In addition, A. belzebul was polymorphic for EST, CA2, IDH, and LDH, and A. seniculus was polymorphic for EST, CA2, and MDH (Lima et al. 1990 , Sampaio et al. 1996 . Pope (1992) also found that A. seniculus from Venezuela was polymorphic for PGD, ADA, GPI, and two serum proteins (i.e., Tf and an unidentified protein). Contrary to our results, she found that A. seniculus from Venezuela was monomorphic for SOD. Overall, the levels of isozyme variation that we found for A. seniculus and A. belzebul from Brazil concur with the results reported for these same groups, although we found fewer polymorphic loci (ADA, GPI, PGD, and SOD), but we also had smaller sample sizes.
The lack of genetic variation in Costa Rican howlers contrasts greatly with the high diversity of their South American sister species. Our comparative approach enables us to state that Costa Rican howlers show significantly less isozyme variation than howlers from one of the populations studied by Sampaio et al. (1996) in Brazil. We should point out that the alleles present in Costa Rican howlers were also shared by their Brazilian sister species, but the latter had additional alleles not found in howler monkeys from Costa Rica. These findings match the results obtained by Ellsworth (2000) in a comparative study using microsatellite markers. Ellsworth (2000) found that Central American howlers exhibited lower genetic diversity than a small sample of A. seniculus from the site studied by Pope (1992) in Venezuela.
The lack of genetic variation in mantled howlers from Costa Rica also contrasts with the genetic diversity of other cebids from the same region. With the exception of mantled howlers (A. palliata) , cebids from Costa Rica show a degree of genetic diversity comparable to that of their South American sister species. Elsewhere, we have recorded genetic diversity estimates for squirrel monkeys (Saimiri oerstedii), spider monkeys (Ateles geoffroyi), and capuchins (Cebus capuchinus; Zaldivar et al., pers. obs.).
Our findings fail to support the hypothesis that the low genetic diversity is due to multiple population crashes resulting from the yellow fever epidemics or other catastrophic events within Costa Rica. First, we did not find variation between populations, as we would have expected based on this hypothesis. Perhaps comparisons on a broader geographical scale or larger sample sizes would be necessary to test this hypothesis. Nevertheless, using the same technique, we were able to detect genetic variation in smaller samples of Alouatta species from South America and in squirrel monkeys (S. oerstedii) and spider monkeys (A. geoffroyi) from Costa Rica (Zaldivar et al., pers. obs.) . Second, howlers are no more vulnerable to yellow fever than other Costa Rican primate species; major yellow fever epidemics would be expected to affect other primate species from the region as much as howlers (D. Leandro, Zoologico Nacional Simón Bolívar veterinarian, pers. comm.). Moreover, these epidemics also occurred in South America. Hurricanes and natural catastrophes, also proposed as another cause resulting in population crashes, are also equally likely to affect all four nonhuman primate species from Costa Rica.
We suggest that the low levels of genetic variation in Central American howlers result from a founder effect during colonization of the Central American isthmus, followed by a rapid population expansion within Central America. A rapidly expanding small founder population of howlers would retain low levels of genetic variation. Later migrants, outnumbered by the descendants of the initial founders, would not contribute much to the genetic pool of this species. A model similar to this was proposed by Hewitt (1996) to explain the genetic effects of Pleistocene ice ages in Europe and North America using the meadow grasshopper (Chorthippus parallelus) as a paradigm. The life history traits of mantled howlers, particularly their high fecundity and their flexible diet and social system, enable them to rapidly colonize a wide variety of habitats and experience high rates of population growth. Recent research by Fedigan et al. (1998), Fedigan and Jack (2001) , and Clarke et al. (2002) , have shown that howlers are capable of very rapid rates of population growth following habitat disturbance or habitat regeneration. This explanation is consistent with that proposed by Ellsworth (2000) , who concluded that her genetic data support the colonization of Central America by howlers from northern South America via a series of founder effects.
Summarizing, the paucity of genetic variation among Central American howlers differs not only from the extremely high genetic diversity exhibited by South American howlers, but also from the genetic diversity observed among other Costa Rican primates. We would like to paraphrase Froelich and Thorington (1982) and Pope (1996) by stating that the cause for this should be the howler monkeys' unique evolutionary history within the Central American isthmus.
